We have previously reported an oil-miscible phosphonium-organophosphate ionic liquid (IL) with an effective anti-wear (AW) functionality when added to a base oil by itself or combined with a conventional zinc dialkyldithiophosphate (ZDDP) for a synergistic effect. In this research, we investigated whether this synergy manifests in formulated engine oils. An experimental SAE 0W-16 engine oil was generated containing a combination of IL and ZDDP with equal phosphorus contribution. The prototype engine oil was first evaluated using tribological bench tests: AW performance in boundary lubrication (BL) and friction behavior (Stribeck curves) in elastohydrodynamic, mixed, and BL. The forthcoming standard Sequence VIE engine dynamometer test was then conducted to demonstrate improved fuel economy. Results were benchmarked against those of another experimental engine oil with almost the same formulation except using ZDDP only without the IL (similar total phosphorus content). The IL-ZDDP formulation consistently outperforms the ZDDP-only formulation in friction reduction and wear protection, and results from the bench and engine tests are well correlated.
Introduction
Reducing friction and wear is a persistent issue facing many industries, consumers, and societies around the world. The US automotive industry in particular faces increasing governmental regulation (Shiau et al., 2009 ) and consumer demand (Dreyfus and Viscusi, 1995) to improve the effectiveness of lubricants. Incremental improvements in lubricants can not only reduce financial losses associated with component failure, but can also conserve material, energy, and the environment. Frictional energy dissipation in internal combustion (IC) engines may cost the US nearly 1.3 billion barrels of oil annually (Holmberg et al., 2012) with engine bearing irreversibilities costing 10-15% of total engine energy production (Tung and McMillan, 2004) . Power production in IC engines depends on reciprocating, sliding surface interactions that continually vary the lubrication regime between boundary lubrication (BL), mixed lubrication (ML), elastohydrodynamic lubrication (EHL) and hydrodynamic lubrication (HL). This range of lubrication behavior presents a twofold problem when minimizing energy dissipation at the most important piston ring cylinder liner interface: (1) higher viscosity engine oil can better counter the tendency for lubricant films to become deleteriously thinner as sliding speed decreases and temperature rises (i.e., in ML or BL) near the top ring reversal region of a stroke, but (2) most of a piston stroke has little to no asperity contact (i.e., in EHL or HL); therefore, a lower viscosity lubricant would be preferable to reduce parasitic friction, but posts a challenge for wear protection. Novel lubricant additive formulations that allow lower viscosity engine oils, while retaining anti-wear (AW) benefits are a logical path for researchers to follow in order to resolve these issues.
Since the seminal work in 2001 (Ye et al., 2001 ), exploration of ILs as lubricants and lubricant additives has proliferated. These room-temperature molten salts offer low volatility, high thermal stability with ashless decomposition and can be tailored for specific properties via changes in alkyl structures. Early works involved ILs with imidazolium cations and fluorine- (Mu et al., 2004; Phillips and Zabinski, 2004; González et al., 2010) or boratecontaining anions (Liu et al., 2002; Chen et al., 2009 ), but ILs in lubrication since then have become more diverse (Bermúdez et al., 2009; Minami, 2009; Palacio and Bhushan, 2010) . Progress on ILs as lubricant additives has been varied with some employing polar base stocks (Yao et al., 2009; Cai et al., 2010) to overcome most ILs' inherent insolubility in non-polar oils and others using immiscible ionic liquid (IL) emulsions or very low concentrations of ILs in non-polar base oil (Qu et al., 2006 (Qu et al., , 2009 Mistry et al., 2009; Lu et al., 2010; Qu et al., 2010; Schneider et al., 2010) . Others explored using ILs as neat lubricants (Jiménez et al., 2006) . ILs with quaternary alkylphosphonium cations and various anions have been investigated for beneficial tribological properties by several groups (Liu et al., 2006; Weng et al., 2007; Forsyth et al., 2008; Minami et al., 2010; Somers et al., 2010a,b; Shah et al., 2011; Libardi et al., 2013) . Fully oil-miscible alkylphosphoniumorganophosphate ILs were recently developed in our chemistry lab Yu et al., 2012; Barnhill et al., 2014; Zhou et al., 2014) and found to effectively decrease friction and wear in BL and ML, as confirmed later by other research groups (Somers et al., 2013; Otero et al., 2014) . Additionally, this family of ILs was shown to be non-corrosive and have decomposition temperatures above hydrocarbon base oils and common AW additives, such as zinc dialkyldithiophosphate (ZDDP) (Barnes et al., 2001 ).
More recently, we discovered remarkable synergistic effects when using a phosphonium-organophosphate IL and ZDDP together as a hybrid AW additive in gas-to-liquid (GTL) base oil (Qu et al., 2015) . In this work, we investigated the tribological impact of a combination of IL + ZDDP in a prototype fully formulated engine oil using both tribological bench tests and full-scale Sequence VIE engine dynamometer tests.
Experimental Methods and Materials
The IL of interest in this work, tetraoctylphosphonium bis(2-ethylhexyl) phosphate ([P 8888 ][DEHP]), was synthesized in an organic chemistry lab at ORNL using the method outlined in our previous work (Barnhill et al., 2014 ) with a 93.8% yield and a water content of 0.1%. Oil solubility assessment for this IL was conducted by combining it with GTL 4 cSt base oil up to a 1:1 ratio and shaking it for 1 min. The combination was then placed into a centrifuge for 3 min at 13,000 rpm. No separation was evident. A commercial secondary ZDDP was provided by Lubrizol (OH) with a zinc content of 11.0 wt% and phosphorous content of 10.0 wt%. Characterization and chemical structures related to both AW additives in this work are shown in Table 1 and Figure 1 respectively. The viscosities were measured using a Petrolab MINIVIS II viscometer and the standard deviation was controlled to be <1%. The experimental formulation (EF) in this work is a blend of GTL 4 and 8 cSt base oils with a package of additive components provided and blended by Shell Global Solutions (TX) that includes detergent, dispersant, viscosity modifier (VM), antioxidant (AO), friction modifier (FM), pour-point depressant (PPD), anti-foam (AF) and AW additives that are detailed in Table 2 . The EF is a result of a systematic study of compatibility between the IL and each additive in the package (to be reported in a separate publication). Three lubricants were tested: EF w/o AW, EF + 0.8 wt% ZDDP, and EF + 0.52 wt% IL + 0.4 wt% ZDDP. Lubricants were blended to adhere to International Lubricants Standardization and Approval Committee (ILSAC) GF-5/6 specifications such that phosphorus concentrations do not exceed 800 ppm. The measured phosphorus contents in EF + 0.8 wt% ZDDP, and EF + 0.52 wt% IL + 0.4 wt% ZDDP are 723 and 705 ppm, respectively. It should be noted that EF + 0.52% [P 8888 ][DEHP] + 0.4% ZDDP was blended so each AW additive contributes roughly equal phosphorus concentration. The high temperature-high shear (HTHS) viscosity was measured using a tapered bearing simulator (Tannas Co.) and the kinematic viscosity (KV) was measured using a CAV-2100 automatic viscometer (Cannon Instrument Co.). The cold-cranking simulator (CCS) viscosity measurement was performed using a G-109-CCS-2100 model viscometer (Cannon Instrument Co.). Table 3 details the density, rheological properties, and concentrations of phosphorus and zinc for each lubricant.
A Plint TE77 (Phoenix Tribology Ltd.) tribometer was used to obtain in situ friction data and to produce wear tracks. The machine is arranged to produce an alternating sliding motion against a test material immersed in lubricant. Wear tracks were created on 25.4 mm × 25.4 mm × 3.175 mm CL35 cast iron flats (Metal Samples Company, AL, USA) rubbing against 10 mm AISI 52100 steel balls. Cast iron test specimens were polished with 600-grade silicon carbide abrasive paper with a unidirectional lay at 90°to the sliding axis. Both steel balls and cast iron flats were cleaned with isopropanol and allowed to dry before submersion in lubricant. Each test was performed at 100°C with a normal load of 100 N for an overall sliding distance of 1000 m. Scars were formed under fully sliding conditions with a 10 mm stroke at 10 Hz. The point-contact ensures test conditions completely within the BL regime. Two tests were executed for each lubricant. After wear testing, balls and flats were cleaned in acetone and then isopropanol. Wear measurements were taken with a Veeco (now Bruker, TX, USA) Wyko NT9100 optical interferometer.
Scanning electron microscopy (SEM) and top-surface elemental analysis was completed using a Hitachi S-4800 (Tokyo, Japan) scanning electron microscope with EDAX (NJ, USA) silicon drift detector energy dispersive X-ray spectroscopy (EDS) capability. EDS was completed at a potential of 5.0 kV over a time span of 1 min for each measurement.
Stribeck curves for EF + 0.8% ZDDP, EF + 0.52% IL + 0.4% ZDDP and SAE 20W-30 reference oil without FM or viscosity improver (same baseline oil as Sequence VIE standard) were produced by two test methods using ball-on-disk rolling-sliding on a PCS Instruments (UK) Mini Traction Machine 2 (MTM). In Method 1, twenty repeated scans were executed for the full range of speed from 2500 to 20 mm/s, while in Method 2, scans were conducted in three sections of speeds, 2500-2000 mm/s for 5 repeats, 2000-200 mm/s for 20 repeats, and then 200-20 mm/s for 10 repeats. Both the ball and the disk were made of hardened AISI 52100 bearing steel. The ball had a diameter of 19.5 mm and hardness of 64 Rc. The disk had a hardness of 62.5 Rc. Test parameters are given in Table 4 with slide-roll ratio (SRR) = ΔU/Ue, where ΔU = U 1 − U 2 is the sliding velocity and Ue = (U 1 + U 2 )/2 is the mean velocity. Arithmetic average surface roughness (Ra) was quantified for both sets of tests using the Wyko NT9100 for the balls and a Dektak XT stylus profilometer for the disks. Fuel economy improvement due to the addition of IL was further assessed using FEI 1 of the impending ILSAC GF-6 Sequence VIE engine dynamometer test at Intertek Automotive Research (TX, USA). The Sequence VIE is an update to the standard Sequence VID test [ASTM D 7589 (D7589-15 A, 2015) ] with increased fuel economy limits and change of the test engine to a 2012 GM Malibu 3.6 L engine. This standard testing procedure compares a test lubricant's performance with that of a SAE 20W-30 baseline lubricant over six different stages of engine operation. Each lubricant was first aged over 16 h of engine operation at 2250 rpm and 120°C oil temperature. The first six-stage measurements (FEI 1) were then made at the conditions outlined in Table 5 .
Results and Discussion

Boundary Lubrication Wear and Friction
Ball-on-flat reciprocating wear tests were performed in the BL regime to compare the wear protection performance between the IL-ZDDP combination and the ZDDP-only lubricant. As shown in Figure 2A , EF + 0.52% [P 8888 ][DEHP] + 0.4% ZDDP produced the lowest wear, at roughly 90% reduction over EF w/o AW and about 9% reduction over EF + 0.8% ZDDP. Each data point represents an average of two repetitions per lubricant. Due to the hardness disparity between the balls and flats, ball wear volumes are on the order of two magnitudes less than flat wear volumes.
Friction results from the reciprocating-sliding bench tests are shown in Figure 2B and represent an averaged performance over two repetitions. The lubricant without AW had the highest steady-state friction coefficient with a final value above 0.10. EF + 0.52% [P 8888 ][DEHP] + 0.4% ZDDP produced the lowest friction coefficient for the first 500 m of sliding, after which, both lubricants containing AW showed a similar friction coefficient around 0.08.
Wear Scar Morphology Examination and Chemical Analysis
The wear scars produced by the two lubricants containing either ZDDP only or ZDDP + IL were examined using SEM for topsurface morphology imaging and EDS for chemical analysis. Figure 3 consists of the SEM micrographs and EDS spectra of the surface pair lubricated with EF + 0.8% ZDDP. The steel ball shows an elliptical wear pattern with relatively evenly dispersed parallel scratch patterns. The worn surfaces appear covered by dark tribofilms with some patchy areas of exposed substrate. EDS spectra provide further evidence of the tribofilms: on a surface lubricated by a ZDDP-containing oil, both mating surfaces show the presence of zinc, phosphorus, and sulfur, which could only have originated from ZDDP in the lubricant. Increased amounts of these elements on the cast iron flat may indicate a more substantial film with better coverage on this surface compared to that of the ball. Calcium is also present in trace amounts at the surface originating from the detergent in the EF. It has been shown that calcium phosphates form in a separate phase in ZDDP tribofilms whenever calcium-containing detergent is present in the lubricating oil with a detrimental effect on its overall AW characteristic (Nicholls et al., 2005) . Figure 4 shows SEM micrographs and EDS spectra of the tribosystem lubricated with EF + 0.52% [P 8888 ][DEHP] + 0.4% ZDDP. The morphologies of these surfaces are visually similar to those shown in Figure 3 . The elliptical ball wear scar is slightly smaller than the previous, and both ball scars show oblique wiping marks -artifacts of cleaning. The worn cast iron flat lubricated with EF + 0.52% [P 8888 ][DEHP] + 0.4% ZDDP EDS spectrum shows a marked reduction of zinc and sulfur on the surface and an increased ratio of phosphorous to zinc suggesting both AW constituents are participating in tribofilm growth. Again, a high iron peak on the ball is observed indicating a thinner tribofilm on the steel ball. A similar amount of calcium is present compared to that in Figure 3 .
Mini Traction Machine Stribeck Curves
Having verified synergy between the IL and ZDDP in the formulated oil in boundary wear and friction, we shift attention to friction behavior in a broader survey of lubrication regimes. MTM full-range speed scan Stribeck curves are shown in Figure 5 , subject the tribosystem to mostly ML, some BL and EHL at a temperature of 100°C. The SAE 20W-30 reference oil and EF + 0.8% ZDDP display very similar behavior in terms of how friction evolves as each repetition is executed. The first scan for each produced the lowest friction and the last showed the highest.
A pattern emerges for these two blends of increasing friction as the tribofilm develops with increasing number of scans though EF + 0.8% ZDDP increases within a narrower band than the 20W-30 baseline oil. An opposite trend was observed for EF + 0.52% IL + 0.4% ZDDP as it, for the most part, showed slightly decreasing friction as the tribofilm develops and the number of scans increases. As a result, the steady-state friction curve, an average of the last 3 of 20 scans, for EF + 0.52% IL + 0.4% ZDDP is substantially lower than the other two lubricants as shown in the summary chart (Figure 5) . EF + 0.52% IL + 0.4% ZDDP exhibits the highest advantage over EF + 0.8% ZDDP in the ML regime, but as EHL is approached, the friction curves tend to converge as expected for lubricants of the same viscosity grade. The second set of Stribeck scans was completed with the sliding speed varied over three separate ranges as opposed to one scan over a broader range as in the previous tests. As shown in Figure 6 , a similar pattern of increased friction as the tribofilm is built is noted here in both the SAE 20W-30 baseline and EF + 0.8% FIGURE 5 | Stribeck curves (MTM method 1). Twenty scans were completed for each blend, but only every odd repeat is shown for clarity. The summary represents the average of the final three scans for each lubricant. ZDDP except in the third and fastest test range (EHL) in which all lubricants showed minimal variation as more repeats were completed. EF + 0.52% IL + 0.4% ZDDP again showed the lowest friction overall and a reduced friction coefficient as the tribofilm developed. For the average of final three scans, an even more distinct improvement was observed in ML as a result of the IL's presence. Surface roughness for balls and disks produced in both MTM Stribeck scan sets is quantified in Table 6 . Both methods show excellent correlation with the friction results in Figures 5 and 6 . EF + 0.52% IL + 0.4% ZDDP produced smoother surfaces on both balls and disks in each case.
With very encouraging results for the IL-additized formulated oil in the previous boundary wear and friction tests and in both MTM Stribeck scan experiments, we moved forward with fullscale, multi-cylinder, fired engine fuel economy evaluation.
Sequence VIE Fuel Economy Engine Dynamometer Test (FEI 1)
Sequence VIE fuel economy engine test FEI 1 results are shown in Table 7 . In agreement with bench test friction measurements, EF + 0.52% IL + 0.4% ZDDP demonstrated improved fuel economy in all six stages of the Sequence VIE compared with the baseline by 2.12% and EF + 0.8% ZDDP by 0.25%, respectively. Stages 4-6, which constitute 35.7% of the final weighted score, subject the test engine to increased levels of BL and ML regimes; under these conditions there is more pronounced benefit as a result of adding the IL (0.76, 0.48, and 0.79% for Stages 4-6 respectively) compared to ZDDP only. On the other hand, Stages 1-3 show smaller IL-induced improvements because EHL and HL are the dominant lubrication regimes. These test results indicate that an IL, such as [P 8888 ][DEHP], can function in tandem with ZDDP in an AW context and reduce the friction between engine components in the Sequence VIE assessment thus improving fuel economy across a spectrum of engine operating conditions.
Conclusions
In this work, we have demonstrated the effectiveness of applying an oil-miscible phosphonium-organophosphate IL in conjunction with a secondary ZDDP to fulfill an AW and friction-reducing role as an additive in an experimentally formulated SAE 0W-16 engine oil. Through BL bench tests, we have shown that the combination of the IL and ZDDP in formulated oil is more effective in wear protection than using ZDDP only. Two types of Stribeck curve measurements showed marked IL-induced friction reduction in the mixed and boundary regimes. The full-scale engine fuel economy dynamometer experiments provided direct evidence of fuel economy improvement as a result of adding IL in formulated oil in a Sequence VIE engine test with weighted FEI of 2.12 and 0.25% over the reference oil and ZDDP-only formulation, respectively. The strong correlation between the bench and engine test results suggests promising potential for the IL additive technology.
